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Abstrat
V-type asteroids are bodies whose surfaes are onstituted of basalt. In the Main
Asteroid Belt, most of these asteroids are assumed to ome from the basalti rust of
asteroid (4) Vesta. This idea is mainly supported by (i) the fat that almost all the
known V-type asteroids are in the same region of the belt as (4) Vesta, i.e. the inner
belt (semi-major axis 2.1 < a < 2.5 AU), (ii) the existene of a dynamial asteroid
family assoiated to (4) Vesta, and (iii) the observational evidene of at least one large
raterization event on Vesta's surfae. One V-type asteroid that is diult to t in this
senario is (1459) Magnya, loated in the outer asteroid belt, i.e. too far away from (4)
Vesta as to have a real possibility of oming from it.
The reent disovery of the rst V-type asteroid in the middle belt (2.5 < a < 2.8
AU), (21238) 1995WV7 (Binzel et al. 2006, DPS 38, #71.06; Hammergren et al. 2006,
1
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astro-ph/0609420), loated at ∼ 2.54 AU, raises the question of whether it ame from
(4) Vesta or not. In this paper, we present spetrosopi observations indiating the
existene of another V-type asteroid at∼ 2.53 AU, (40521) 1999RL95, and we investigate
the possibility that these two asteroids evolved from the Vesta family to their present
orbits by drifting in semi-major axis due to the Yarkovsky eet. The main problem
with this senario is that the asteroids need to ross the 3/1 mean motion resonane
with Jupiter, whih is highly unstable.
Combining numerial simulations of the orbital evolution, that inlude the Yarkovsky
eet, with Monte Carlo models, we ompute the probability of an asteroid of given di-
ameter D to evolve from the Vesta family and to ross over the 3/1 resonane, reahing
a stable orbit in the middle belt. Our results indiate that an asteroid like (21238)
1995WV7 has a low probability (less than 10%) of having evolved through this meha-
nism due to its large size (D ∼ 5 km), beause the Yarkovsky eet is less eient for
larger arteroids. However, the mehanism might explain the orbit of smaller bodies like
(40521) 1999RL95 (D ∼ 3 km), provided that we assume that the Vesta family formed
& 3.5 Gy ago. We estimate the debiased population of V-type asteroids that might exist
in the same region as (21238) and (40521) (2.5 < a . 2.62 AU) and onlude that about
10% or more of the V-type bodies with D > 1 km may ome from the Vesta family by
rossing over the 3/1 resonane. The remaining 90% must have a dierent origin.
Subjet headings: asteroids  V-type  basalti
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1. Introdution
The reent disovery of (21238) 1995WV7 (Binzel et al. 2006; Masi et al. 2006; Hammergren et al.
2006), a basalti asteroid in the middle Main Belt (2.5 < a < 2.82 AU), raised new questions about
the origin of basalti material in the asteroid belt.
Basalti asteroids show a spetrum haraterized by the presene of a deep absorption band en-
tered at∼ 0.9 µm, and are lassied as V-type in the usual taxonomies (Tholen 1989; Bus and Binzel
2002a). Most of the known V-type asteroids are fragments from the rust of asteroid (4) Vesta.
This is supported by the fat that (4) Vesta is the only large asteroid showing a basalti rust
(MCord et al. 1970), and almost all V-type asteroids are found in the same region of the Main Belt
as Vesta, i.e. the inner belt (a < 2.5 AU). Moreover, (4) Vesta has assoiated a dynamial asteroid
family, the Vesta family, whose members are also V-type (Mothé-Diniz et al. 2005) and originated
from the exavation of a large rater on Vesta's surfae (Thomas et al. 1997; Asphaug 1997).
The disovery of (1459) Magnya (Lazzaro et al. 2000), a V-type asteroid in the outer belt
(a > 2.82 AU), provided the rst evidene for another possible soure of basalti asteroids in the
Main Belt. (1459) Magnya is too far away from the Vesta region as to have any hane of being
a fragment from Vesta's rust. No dynamial mehanism is known to be able to bring an asteroid
from the Vesta family to the Magnya region. Moreover, Magnya is too big (diameter D ∼ 17 km)
as to t within the size distribution of the Vesta family (see Set. 4). Mihthenko et al. (2002)
suggested that Magnya is the fragment from a dierentiated parent body that broke up in the outer
belt, but up to now no other V-type asteroids have been onrmed in the same region of the belt
to support this hypothesis (Duard and Roig 2007; Moskovitz et al. 2007).
The ase of (21238) 1995WV7, the rst V-type asteroid disovered in the middle belt, has
some similarities with the ase of Magnya, but also shows some dierenes. (21238) 1995WV7 is
also far away from Vesta, and ejetion veloities larger than ∼ 2 km/s would be neessary to diretly
transport it form Vesta's surfae to its present orbit. These ejetion veloities annot be produed
in typial raterization events similar to the one that originated the Vesta family (Asphaug 1997).
On the other hand, (21238) 1995WV7 is lose to the outer border of the 3/1 mean motion resonane
with Jupiter (hereafter J3/1 MMR), entered at 2.5 AU, and its size (D ∼ 5 km) ts within the
size distribution of the Vesta family. Sine the inner border of the J3/1 MMR is very lose to the
outer edge of the Vesta family, the possibility of (21238) 1995WV7 being a former member of this
family that reahed its present orbit after rossing over the resonane annot be totally ruled out.
The J3/1 MMR is highly haoti (Wisdom 1982) and is onsidered a diult-to-ross barrier, but
up to now no detailed studies have been made to onrm this.
A dierent senario is proposed by Carruba et al. (2007), in whih the soure for (21238)
1995WV7 and other, yet undisovered, basalti asteroids in the middle belt ould be asteroid (15)
Eunomia loated at a ∼ 2.65 AU. This asteroid appears to be a partially dierentiated parent
body showing a basalti-like omposition in part of its surfae (Nathues et al. 2005). Carruba et
al. suggest that several ollisions made (15) Eunomia lose its basalti rust almost ompletely, and
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the subsequent fragments were signiantly dispersed in the middle belt over the age of the Solar
System.
The aim of this work is to study the possible origin of (21238) 1995WV7 and other V-type
asteroids in the middle asteroid belt. In partiular, we analyze the possibility that asteroids from the
Vesta family inrease their orbital semi-major axis due to the Yarkovsky eet (Vokrouhliký et al.
2000) and ross over the J3/1 MMR reahing stable orbits in the middle belt. In Setion 2, we
introdue the population of V-type asteroids observed by the Sloan Digital Sky Survey in the
middle belt, and present our spetrosopi observations with the Gemini South Telesope that allow
to onrm another V-type asteroid in the same region as (21238). In Setion 3, we desribe our
simulations, analyze the resonane rossing mehanism proposed above, and evaluate its eieny
to produe V-type asteroids beyond 2.5 AU. In Setion 5, we disuss our results ompared to the
debiased distribution of V-type asteroids in the middle belt. Finally, Setion 6 is devoted to the
onlusions.
2. V-type asteroids in the middle belt
The existene of V-type asteroids in the middle belt was rst predited by Roig and Gil-Hutton
(2006), who analyzed the olors of the Sloan Digital Sky Survey Moving Objets Catalog (SDSS-
MOC; Ivezi¢ et al. 2001). These authors studied a sample of 13 290 asteroids ontained in the 3rd
release of the SDSS-MOC that show errors smaller than 10% in all the ve bands of the SDSS
photometri system, named u, g, r, i, z, respetively. They found three andidate V-type asteroids
in the middle belt, whih are listed in Table 1. Two of them are loated very lose to the outer border
of the J3/1 MMR. The third one is lose to the outer border of the J8/3 MMR, entered at 2.7
AU. The spetrosopi onrmation of the basalti nature of (21238) was reported by Binzel et al.
(2006) and Masi et al. (2006), based on spetrosopi observations in the near infrared (NIR), and
also by Hammergren et al. (2006) based on visible spetroopi plus NIR photometry.
Table 1: Proper semi-major axis ap, proper eentriity ep, sin of proper inlination sin Ip, absolute
magnitude H and diameter D of predited V-type asteroids in the middle belt aording to the
olors of the SDSS-MOC. Diameters have been estimated assuming and albedo of 0.4, similar to
the albedo of (4) Vesta (0.42, Tedeso 1989).
Name ap [AU℄ ep sin Ip H D [km℄
(21238) 1995WV7 2.54108 0.1371 0.1866 13.04 5.15
(40521) 1999RL95 2.53111 0.0458 0.2159 14.36 2.80
(66905) 1999VC160 2.74627 0.1457 0.2291 14.51 2.62
As part of an observational ampaign to onrm the taxonomy of V-type andidates identied
by Roig and Gil-Hutton (2006), we obtained spetra of (21238) and (40521) in the visible. The ob-
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servations were arried out during the nights of 29-30 April, 2006, at the Gemini South Observatory
(GS), using the Gemini Multi-Objet Spetrograph (GMOS). Table 2 provides the observational
irumstanes of the targets. In order to remove the solar signature from the asteroids spetra, we
also observed the stars SA 107-871 (V = 12.4) and SA 110-361 (V = 12.4), taken form the Seleted
Areas of Landolt (1992), that we used as solar analog stars
1
.
Table 2: Observational irumstanes of (21238) and (40521): ∆ is geoentri distane in AU, r is
helioentri distane in AU, φ is solar phase angle, θ is solar elongation, V is visible magnitude.
Dates orrespond to the starting time of the observations. The observing onditions were better
than 85% of image quality, 70% of sky transpareny (loud over), 100% of sky transpareny (water
vapor), 80% of sky bakground, air mass < 1.5.
Asteroid Date [UT℄ α (J2000) δ (J2000) ∆ r φ θ V
(21238) 2006 Apr 29.4094 20h44m53.01s −24◦57′12.8′′ 2.599 2.818 20.9◦ 91.9◦ 18.3
(40521) 2006 Apr 30.2811 14h11m29.86s −24◦01′44.8′′ 1.489 2.487 4.1◦ 169.8◦ 18.1
Traking of the asteroids at non-sideral rate was not possible beause the use of the peripherial
Wavefront Sensor (WFS) is not reommended due to exure within GMOS. Instead, we used the
On-Instrument Wavefront Sensor (OIWFS) traking at sideral rate, with the slit oriented in the
diretion of the asteroid's proper motion.
All the observations were performed using the following GMOS onguration: grating R400,
lter OG515 to avoid seond order spetrum ontamination longwards of ∼ 0.7µm, slit width
1.5 arse (the maximum allowable with GS-GMOS), entral wavelength 0.73µm, spetral overage
0.522 to 0.938µm, spatial binning 2, and spetral binning 4. This onguration provides a resolution
R ∼ 3 000 at 0.90µm, but R ∼ 200 is enough to detet the deep absorption band longwards of
0, 75µm typial of V-type spetra. Therefore, it was possible to do a 15:1 rebinning of the asteroids
spetra to improve the nal signal-to-noise (S/N) ratio by a fator of ∼ 4.
Eah asteroid was observed six times at six dierent positions along the slit separated by 10
arse. Eah solar analog star was observed three times at three dierent positions along the slit
with the same separation. The integration times for the asteroids allowed to attain S/N∼ 20 at
0.90µm whih, after spetral rebinning, provided a minimum S/N ∼ 70. Table 3 summarizes the
asteroids exposure times. The exposure times for the solar analog stars were hosen to reah 50-70%
of the detetor full well (100k eletrons) per exposure. Wavelength alibration of the spetra was
performed using a standard CuAr lamp.
The GMOS IRAF pakage was used to perform the standard redution tasks. Sine eah image
was dithered along the spatial diretion, we remove the fringes by making a bakground image
1
These are G2V stars with solar olors in the magnitude range allowed by Gemini telesopes (V > 11). We reall
that no spetrosopi solar analog stars are available in the literature in this magnitude range.
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Table 3: Number of exposures, exposure times (individual and total), S/N at 0.90µm of the raw
and rebinned spetra, and solar analog used in the redution.
Asteroid nexp Texp Ttotal S/N (raw) S/N (rebinned) Solar analog
(21238) 6 200 se 1200 se 20 80 SA 110-361
(40521) 6 500 se 3000 se 18 72 SA 107-871
resulting from the ombination of three suessive images entered around the time of the image
we want to orret. After the fringe orretion, the individual frames were oadded to improve the
S/N and the spetrum was extrated.
The nal spetra of (21238) and (40521) are shown in Figure 1. We have plot in gray sev-
eral spetra of known V-type asteroids taken from the SMASS (Bus and Binzel 2002b) and S
3
OS
2
(Lazzaro et al. 2004) surveys for omparison. Both spetra are ompatible with the V lass, showing
the typial absorption band with a minimum at 0.90µm. Our observations with Gemini onstitute
another independent onrmation of the basalti nature of (21238), and also allow the onrmation
of (40521) as the seond V-type asteroid found in the middle belt
2
.
3. Possible origin of V-type asteroids in the middle belt
In the following, we analyze the possibility that (21238) and (40521) were fragments of (4) Vesta
that evolved to their urrent orbits by the Yarkovsky eet. The main problem with this senario
is that these asteroids needed to ross the J3/1 MMR whih is notably unstable. To estimate
the time ∆tcross that a 5 km asteroid would require to ross the J3/1 MMR, Masi et al. (2006)
and Hammergren et al. (2006) divided the resonane width ∆a by the drift rate da/dt due to the
Yarkovsky eet, and onluded that ∆tcross ≫ tinst, where tinst is the instability time sale of the
J3/1 MMR (i.e., the time required for a population of asteroids to be removed from the resonane,
see Gladman et al. 1997). These authors thus inferred that it would be impossible for an asteroid
like (21238) to ross the J3/1 MMR. However, this argument is only approximative beause it does
not take into aount the resonane dynamis. Here we used preise numerial simulations to study
whether the rossing is atually possible.
We performed a series of simulations of the evolution of test partiles representing seleted
members of the Vesta dynamial family. To dene this family, we used the database of 188 207
asteroid proper elements released by Marh 2005
3
. We applied the Hierarhial Clustering Method
(HCM - Zappalà et al. 1990) and dened the Vesta family at a uto of 60 m/s, whih is 5 m/s
2
The ASCII les of the spetra are available at http://staff.on.br/froig/vtypes
3
AstDys http://hamilton.dm.unipi.it/gi-bin/astdys/astibo . This database is ontemporary to the 3rd.
release of the SDSS-MOC, therefore the two datasets an be diretly ompared.
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larger than the predited quasi-random level
4
for the inner belt. This guaranteed that we dened
the Vesta family with the largest possible number of members (∼ 9 500) that ould be deteted
from the given dataset of proper elements.
Among the members of the Vesta family, we seleted 21 asteroids with 2.485 ≤ ap ≤ 2.490
AU, whih are the losest ones to the J3/1 MMR, and generated 100 lones of eah. All 100 lones
had the same orbital parameters as the original asteroid, but we allowed eah to drift in semi-
major axis at a slightly dierent rate da/dt > 0 due to the Yarkovsky eet. This implied that
the lones reahed the border of the J3/1 MMR at slightly dierent phases of the resonant angle
σ = 3λJ − λ − ̟, where λJ, λ are the mean longitudes of Jupiter and the asteroid, respetively,
and ̟ is the longitude of perihelion of the asteroid. Therefore, they sampled dierent resonant
interation histories.
The simulations were performed using a modied version of the SWIFT_MVS integrator
(Levison and Dunan 1994). The bodies were onsidered as massless partiles subjet to perturba-
tions from all planets exept Merury, and the Yarkovsky eet was introdued in the simulation
as an additional aeleration term depending on the veloity as:(
d2~r
dt2
)
Yarko
=
GM
2a2
da
dt
~v
v2
where G is the gravitational onstant, M the mass of the Sun, a the osulating semi-major axis of
the orbit, ~r,~v the instantaneous position and veloity of the body, and da/dt the required drift rate
measured in AU/y. Aording to the analytial theory of Vokrouhliký (1999), the Yarkovsky drift
rate approximately sales with diameter as:
da
dt
≃ 2.5× 10−4
1 km
D
cos ǫ (1)
where D is in km, ǫ is the spin axis obliquity, and the oeient was obtained assuming physial and
thermal parameters typial of basalt and albedo 0.4. We hose the thermal parameters to produe
large but plausible drift rates, beause this would favor the J3/1 MMR rossing. Slower drift rates
would apply if the real thermal parameters have dierent values. The so-alled seasonal Yarkovsky
eet (Rubinam 1995) was not inluded in our model beause it only produes da/dt < 0 and it
is an order of magnitude smaller than the diurnal eet modeled by Eq. (1) for km-size asteroids.
The ollisional reorientation of spin axes (Harris 1979) and the YORP eet (Rubinam 2000) were
not taken into aount either. The former eet has proven not to be so relevant in hanging the
spin axis obliquities as believed (Bottke et al. 2006), while the YORP eet statistially tends to
align the spin axes around ǫ ∼ 0, π, thus foring a maximum Yarkovsky drift, on average, for all the
partiles.
We perfomed two series of simulations. In the rst series, we assumed that eah lone drifted
outwards at a rate randomly hosen in the interval (1.0 ± 0.1) × 10−4 AU/My, that aording to
4
The average minimum distane between pairs of neighbor asteroids.
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Eq. (1) orresponds to D ∼ 2.5 km V-type asteroids. These simulations spanned 150 My. In the
seond series, the lones drifted at a rate randomly hosen in the interval (1.0±0.1)×10−3 AU/My,
whih orresponds to D ∼ 250 m asteroids. These simulations spanned 25 My. The time step of
the integrator was set to be 0.04 y.
In both simulations, more than ∼ 97% of the partiles were disarded beause they entered
the J3/1 MMR and haotially evolved to planet rossing orbits in a few My. These partiles were
eliminated by lose enounters with the planets, mainly the Earth and Mars, or by impating the
Sun. But a small fration less than ∼ 3% of the partiles rossed over the J3/1 MMR and ended
the simulation in stable orbits with a > 2.5 AU.
Figure 2 shows two examples of test partiles that rossed over the J3/1 MMR. The left panels
orrespond to a slowly drifting partile and the right panels orrespond to a faster drift. The
partiles enter the J3/1 MMR at the side of lower semi-major axes, perform a few librations around
the resonant semi-major axis, and exit the resonane at the side of larger semi-major axes. The
partiles remain in the resonane for at most a few 104 y. Their eentriities and inlinations are
not signiantly aeted by the passage through the resonane. In the examples shown in Fig. 2,
the eentriities deay to lower values but this happens after the partiles have already rossed
the J3/1 MMR
5
. In general, the partiles that jumped the J3/1 MMR ended the simulations either
with higher or lower values of the eentriities and inlinations than their original values.
In Fig. 3 we show the trajetory of the slowly drifting partile of Fig. 2 at the exat moment
in whih it rosses the J3/1 MMR. We an see that the partile spent only ∼ 5 000 y inside the
resonane (top panel), so it virtually jumps over the resonane. The numbers in the bottom
panel provide the temporal sequene of the trajetory. The partile enters the resonane somewhere
between 1 and 2, then it performs one and a half libration stiking lose to the resonane
separatrix, and nally exits the resonane somewhere between 8 and 9. This trajetory is a
typial example of the resonane rossing mehanism. We expet that only the orbits that remain
lose to the separatrix would be able to exit the resonane pushed by the Yarkovsky drift, and this
might depend on the partiular phase of the resonant angle, σ, that the orbit has when it enters
the resonane.
Table 4: Fration fcross of asteroids that rossed the J3/1 MMR during our simulations for dierent
Yarkovsky drifts.
da/dt ×10−4 [AU/My℄ fcross
1.0 ± 0.1 0.0033 ± 0.0019
10.0 ± 1.0 0.029 ± 0.005
5
This eet is probably due to the interplay with non linear seular resonanes loated lose to the border of the
J3/1 MMR, like the g− 2g6 + g5 resonane, where g is the seular frequeny of the asteroid perihelion, and g5, g6 are
the frequenies of the perihelia of Jupiter and Saturn, respetively.
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From our simulations, it was possible to estimate the fration of test partiles that rossed the
J3/1 MMR, fcross, and its formal unertainty, as a funtion of the Yarkovsky drift rate. The results
are given in Table 4. Assuming that these results reet a linear dependene between fcross and
da/dt within the studied range of drift rates, and taking into aount Eq. (1), we nd that
fcross(D) ≃ 0.0075
1 km
D
cos ǫ. (2)
The appliation of this formula in the size range 1 km . D . 5 km requires only modest extrapola-
tions of the linear dependene toward smaller values of the drift rate (∼ 0.5× 10−4 AU/My). This
result demonstrates, for the rst time, that the rossing of Vesta family members over the J3/1
MMR is possible in pratie. The rossing probability ranges from 0.15% to 0.25% for asteroids in
the size range of (21238) and (40521).
4. The prodution of V-type asteroids with a > 2.5 AU
In the preeding setion, we have shown that it is possible for a former Vesta family member
to ross over the J3/1 MMR, reahing a stable orbit in the middle belt. We have also estimated
the rossing probability as a funtion of the size (Eq. 2) to be ∼ 0.1-0.8% for km-size asteroids.
We may now wonder whether this may atually explain the presene of (21238) and (40521) in the
middle belt.
The number of Vesta family members, with diameters between D and D+ dD, that ross over
the J3/1 MMR during the age of the Vesta family, τage, and end in the middle belt is:
dNa>2.5(D) = dN0(D) fcol(D) freach(D) fcross(D) (3)
where dN0(D) is the number of Vesta family members that were produed when the family formed.
The fator fcol(D) aounts for the fration of Vesta family members in the interval [D,D + dD]
that, on one hand, survived and, on the other hand, were reated due to ollisional evolution in τage.
It is worth noting that the produt dN0(D) fcol(D) is equivalent to the presently observed number
of family members, dN(D). The fator freach(D) aounts for the fration of Vesta family members
that were able to reah the border of the J3/1 MMR in τage aided by the Yarkovsky eet. Finally,
the fator fcross(D) is provided by Eq. (2). In order to apply Eq. (3), we have to address three
main issues.
The rst issue onerns the atual age of the Vesta family, τage. Initial estimates by Marzari et al.
(1996), based on ollisional evolution models aiming to reprodue the presently observed size fre-
queny distribution of the Vesta family, indiated τage ∼ 1-2 Gy. However, these estimates have
large unertainties due to unknown initial onditions and to unertainties in the various ollisional
parameters. Carruba et al. (2005), based on the dynamial evolution of some Vesta family fugi-
tives, found that τage & 1.2 Gy. On the other hand, Bogard and Garrison (2003), measuring
isotopi abundanes in the Howardite-Eurite-Diogenite (HED) meteorites that presumably ome
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from Vesta, (Migliorini et al. 1997), onluded that Vesta's rust suered several major rateriza-
tion impats & 3.5 Gy ago. This ould imply τage & 3.5 Gy. In view of the wide range of possible
ages, we will adopt for our alulations three dierent values of τage: 1.5, 2.5 and 3.5 Gy.
The seond issue to address is to estimate the fration of family members, freach, that would
be able to reah the J3/1 MMR in τage due to the Yarkovsky eet. For this purpose, we used
a Monte Carlo algorithm. We generated an artiial Vesta family onstituted of 10 000 fragments
with individual ejetion veloities, vej, attributed by assuming a Maxwellian distribution with mean
ejetion veloity v¯ej
6
. We onsidered only the fragments with
v2ej − v
2
esc > 0 and v
2
ej − v
2
cut < 0
where vesc = 314 m/s is the esape veloity from the surfae of (4) Vesta
7
, and vcut = 600 m/s
is a maximum uto veloity (Asphaug 1997). We further assumed that, at the moment of the
impat, (4) Vesta had a true anomaly and perihelion argument suh that the nal distribution of
the fragments in proper elements spae is spread over a wide range of ap, ep, Ip (Morbidelli et al.
1995). Finally, we onsidered that all the fragments had the same diameter i.e., the ejetion
veloity does not depend on size, and attributed to eah fragment a random value of cos ǫ between
−1 and 1. Using Eq. (1), we omputed for eah fragment the total drift over τage and determined
the fration freach that ended with a > 2.5 AU.
Figure 4 shows freach(D) as a funtion of τage and v¯ej. For very small sizes, freach weakly
depends on v¯ej and tends to 50% for D → 0. This means that about half of the smallest fragments
will eventually reah the J3/1 MMR (the other half has cos ǫ < 0 so is drifting inwards). On the
other hand, for very large sizes freach → 0 sine large bodies are muh less aeted by the Yarkovsky
eet. It is worth noting that size range where the behavior of freach is more ritial, i.e. more
sensitive to the dierent parameters and espeially to the family age, is between 2.0 and 7.0 km,
whih is preisely the size range of the asteroids listed in Table 1.
The third issue we need to address onerns the determination of the size frequeny distribution
(SFD), dN(D), of the Vesta family. The Vesta family, as dened by the HCM (Setion 3), shows
a very peuliar SFD. Going from larger to smaller sizes, we rst nd (4) Vesta with D ∼ 460 km.
Then we nd four asteroids with 25 . D . 130 km and twelve asteroids with 8 . D . 15 km, whih
taxonomi types, based on spetrosopi observations (Bus and Binzel 2002a; Lazzaro et al. 2004),
are dierent from the V-type. These asteroids are interlopers in the family and we an exlude them.
Finally, we nd a huge amount of members with D < 8 km. This group inludes all the vestoids,
i.e. the known V-type asteroids that are members of the Vesta family. Aording to simulations of
asteroid fragmentation using hydroodes (Durda et al. 2007), this kind of SFD, where there is only
one large asteroid and a huge amount of very small fragments with no bodies in between, would be
typial of raterization events as the one that presumably formed the Vesta family.
6
We reall that the spei energy of the impat that generated the family is ∝ v¯2ej.
7vesc =
q
1.64 G 4
3
piρR2 being R the radius of Vesta and ρ its density (Petit and Farinella 1993).
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Now, dN(D) is related to the dierential SFD, n(D), through
dN(D) = n(D) dD
and the umulative SFD, i.e., the number of family members with diameter > D, is given by
N(D) =
∫ Dmax
D
n(D) dD. (4)
where Dmax is the size of the largest family member (i.e. (4) Vesta). Figure 5 shows the umulative
SFD of the Vesta family after removing the known interlopers. For D < 8 km the umulative SFD
an be t to power laws of the form N0D
γ
(dashed lines in Fig. 5), where γ and N0 adopt dierent
values at dierent size ranges. This hange in γ and N0 is produed by two dierent eets:
1. The fat that the sample of known family members is omplete only up to a given size. It
is usually assumed that this ompleteness limit orresponds to the size where the umulative
SFD shows the rst inexion point (e.g. Tanga et al. 1999), whih is 5.5 km in Fig. 5.
2. The natural dynamial/ollisional evolution of the family members, whih is known to produe
a shallow umulative SFD at small sizes (Morbidelli et al. 2003).
Sine both these eets are diult to estimate, we will adopt here two extreme approahes to
model the umulative SFD:
• To use the observed umulative SFD as shown in Fig. 5. This model partly aounts for
eet #2, but has the drawbak that it will be biased by the inompleteness of the sample for
D < 5.5 km.
• To use a single power law t between 8 and 5.5 km and to extrapolate it to smaller sizes.
This model partly aounts for eet #1, but has the drawbak that it will signiantly
overestimate the number of small members in the Vesta family, espeially in the size range
2.0-5.5 km that is ruial for our study. With this approah, the dierential SFD will also be
modeled by a single power law of the form n0D
γ−1
.
Knowing all the quantities involved in Eq. (3), it is now possible to determine the number of
Vesta family members with size > D that ross over the J3/1 MMR and reah the middle belt in
τage:
Na>2.5(D) =
∫ D′max
D
n(D) freach(D) fcross(D) dD. (5)
This integral an be solved numerially taking into aount that D′max = 8 km. The results are
shown in Fig. 6 for v¯ej = 200 m/s and three dierent values of τage. The full lines were obtained
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using the observed SFD, and the dashed lines using the single power law model of the SFD. The
true value of Na>2.5(D), for a given τage, should be something between the orresponding full and
dashed lines. From Fig. 6, it is lear that the predited Na>2.5 for D & 5 km is at least two orders of
magnitude smaller that required to produe a body like (21238). Therefore, we may onlude that,
even if the rossing over the J3/1 MMR is dynamially possible, it is highly improbable that (21238)
had reahed its present orbit via this mehanism. On the other hand, for D & 3 km the predited
Na>2.5 is ompatible with the presene of (40521) in the middle belt, provided that τage & 3.5 Gy.
5. Predited vs. observed number of V-type asteroids in the middle belt
Our results above have been ompared to the observed population of V-type asteroids in the
middle belt, whih is most likely inomplete. Here we will estimate the debiased SFD of V-type
asteroids in the region 2.5 < a . 2.6 AU, where (21238) and (40521) are found, and will ompare
it to our estimates of Na>2.5.
In terms of absolute magnitude, the unbiased SFD of V-type asteroids in the region of interest,
nV(H) dH, is related to the observed SFD, n
obs
V (H) dH, through
nobsV (H) dH = b(H)nV(H) dH (6)
where b(H) is a bias funtion that we need to determine. This bias funtion arises from two main
eets: (i) the fat that the known population of asteroids is omplete only up to a ertain size,
and (ii) the fat that the observed population nobsV is obtained from the SDSS that mapped only
a fration of the total known population of asteroids. We may assume that eet (i) aets the
asteroid populations at both sides of the J3/1 MMR approximately in the same way, so it an be
ignored in our analysis. From eet (ii), we have that
b(H) ≃
nSDSS(H) dH
nknow(H) dH
(7)
where nSDSS dH is the SFD of asteroids with 2.5 < a . 2.6 AU ontained in the 3rd. release of
the SDSS-MOC, and nknow dH is the SFD of all the known asteroids in the same region, that an
be omputed from the atalog of proper elements ontemporary to the SDSS-MOC. Figure 7 shows
b(H) (full line) and its best t (dashed line). The bias shows a linear dependene for H & 13.0, and
a onstant value ∼ 0.22 for H . 13.0.
The observed SFD nobsV is poorly known sine, aording to Table 1, there are only two asteroids
observed by the SDSS-MOC in the range 2.5 < a . 2.6 AU. Notwithstanding, we an use additional
observations from the SDSS-MOC to get a more populated SFD. We follow the same approah as
Roig and Gil-Hutton (2006) to identify V-type asteroids from the SDSS-MOC, but we disregard the
information in the u band. This is justied sine the u band is entered at ≃ 0.35µm and it is not
relevant for the identiation of V-type asteroids. Thus, we onsidered the SDSS-MOC observations
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with errors less than 10% only in the g, r, i, z bands and with any error in the u band. With this
approah, we nd 27 V-type andidates in the middle belt, inluding the three asteroids listed in
Table 1.
The umulative SFD of the 10 V-type andidates identied in the region 2.5 < a . 2.6 AU,
and the orresponding debiased umulative SFD omputed from Eqs. (6) and (7), are shown in
Fig. 8 (full lines). It is worth realling that both SFDs are aeted by the ompleteness bias of
the known asteroidal population with a > 2.5 AU. Therefore, we may ompare these distributions
to our preditions of Na>2.5 omputed using the observed Vesta family SFD whih are aeted
by the same ompleteness bias. The omparison to Na>2.5 for τage = 3.5 Gy (dashed line in Fig.
8) indiates that the preditions are & 10 times smaller than required in the studied size range.
However, we must bear in mind that the umulative SFDs shown in Fig. 8 orrespond to asteroids
that are andidate V-type aording to the SDSS olors. An unknown fration of these bodies might
not be true V-types, but belong to other taxonomi lasses like O-, Q-, R- or S-type. Therefore,
our preditions ould atually aount for & 10% of the total population of V-type asteroids in the
middle belt, assuming τage & 3.5 Gy.
6. Conlusions
In this paper, we presented spetrosopi observations in the visible that onrm the existene
of two V-type asteroids in the middle belt: (21238) 1995WV7 and (40521) 1999RL95. We investigate
whether these two asteroids might have evolved from the Vesta family by slowly drifting in semi-
major axis due to the Yarkovsky eet and rossing over the J3/1 mean motion resonane with
Jupiter. Our results show that, in spite of the remarkable instability of the J3/1 resonane, km-
size asteroids an ross it. The resonane rossing mehanism is probably not suiently eient
to explain the presene of all km-size V-type asteroids in the middle belt, but only some fration
(& 10%) of them. Most of these bodies either follow other paths from the Vesta family or they
ome from a totally dierent soure (e.g. Carruba et al. 2007). Notwithstanding, we annot rule
out the possibility that (21238) were a rare exeption: the only one 5-km V-type asteroid in the
middle belt that reahed its present orbit by a very improbable, but not impossible, rossing over
the J3/1 resonane. Only the disovery of more V-type asteroids in the middle belt, and the better
knowledge of the SFD of these bodies may shed some light on this problem.
This work has been supported through several grants and fellowships by the Brazilian Counil
of Researh (CNPq), the NASA's Planetary Geology & Geophysis Program, and the Rio de Janeiro
State Siene Foundation (FAPERJ).
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Fig. 1. Visible spetra of (21238) and (40521) observed with GMOS at Gemini South (blak
lines). The gray lines are the spetra of other known V-type asteroids. The spetra are normalized
to 1 at 5500 Å and shifted by 0.5 in reetane for larity. A running box of 20 Å has been applied
to smooth the spetra.
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Fig. 2. Evolution of the semi-major axis, eentriity and inlination of two test partiles rossing
over the J3/1 MMR at two dierent Yarkovsky drift rates. Note the dierent sales in the time
axis.
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Fig. 3. Detail of the trajetory during the resonane rossing of the slowly drifting test partile
shown in Fig. 2. The top panel shows the resonant angle σ as a funtion of time. The bottom
panel show the trajetory in the spae a, σ. The arrows indiate the diretion of the trajetory. The
numbers provide the temporal sequene of the trajetory.
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Fig. 4. The fration freach of Vesta's fragments that reahed the J3/1 MMR border along three
dierent values of τage, and for two dierent values of v¯ej: 150 m/s (full lines) and 300 m/s (dashed
lines).
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Fig. 5. The umulative size distribution of the Vesta family after subtrating the known interlopers
(full line) and three power law ts for dierent size ranges (dashed lines). Diameters were omputed
assuming albedo 0.4 for all bodies.
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Fig. 6. The umulative distribution Na>2.5 for three dierent values of τage and two models of
the SFD: the observed SFD (full lines) and the single power law SFD (dashed lines). In all ases
v¯ej = 200 m/s. The stars represent the known V-type asteroids in the middle belt.
 23 
Fig. 7. The bias funtion (full line) in the region 2.5 < a . 2.6 AU, and its best t (dashed
line). The distributions nknow∆H (gray histogram) and nsdss∆H (outlined histogram) are shown
for referene. Both distributions are normalized suh that
∑
n∆H = 1.
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Fig. 8. The umulative SFD of V-type asteroids with 2.5 < a . 2.6 AU observed by the SDSS (full
blak line) and the orresponding debiased distribution (full gray line). The dashed line represents
our predited Na>2.5 for τage = 3.5 Gy, omputed from the observed Vesta family SFD.
